Isotactic polystyrene (i-PS) was employed as a matrix to disperse a metallo-organic polymer of [Fe(II) (4-octadecyl-1,2,4-triazole) 3 (ClO 4 ) 2 ] in order to obtain novel functional materials exhibiting thermal spin crossover transition. A detailed investigation of the structure of the metallo-organic polymer and metallo-organic polymer / iPS blends has been carried out by DSC, WAXD and SAXS techniques as a function of temperature and metallo-organic polymer / iPS proportion.
INTRODUCTION
One-dimensional polymeric spin-transition (ST) compounds of d 4 -d 7 transition metal ions are excellent candidates for advanced technological applications such as sensors, displays and information storage [1] [2] [3] [4] . These materials can adopt two different magnetic states: a high-spin (HS) and a low-spin (LS) state, which can crossover due to external stimuli such as temperature, pressure, electromagnetic radiation, etc., giving rise to variations in the physical properties of the material like changes in colour, dielectric constant, intramolecular distances or spin state [5] [6] [7] .
In particular, linear polymeric chains of Fe (II) ions bridged by triazole ligands extensively studied for the past 20 years [8] [9] [10] [11] continue to attract considerable attention. This metallo-organic polymer, with Fe (II) ions in an octahedral ligand field, exhibits a thermally induced transition between two electronic states: a diamagnetic (S=0) LS state and a paramagnetic (S=2) HS state. The spin transition is accompanied by a strong thermochromism that provides additional applications for these systems [12] [13] [14] [15] .
The main difficulty for the development of new functional materials is how to transfer the bulk properties of the metallo-organic polymer in the solid state to systems suitable for technological applications. In some cases a micro-or nanopattering of the switchable functional polymers is necessary for the application to be accomplished. In this sense, Langmuir-Blodgett techniques [16] [17] , layer-by-layer assembly [18] , electron beam lithography [1] and self-organization of molecular ST units into hierarchically organized domains across different length scales have been studied [4, 19] . In other cases, the spatial arrangement of the ST polymers is not necessary to attain the desired application and only a dispersion media conferring mechanical and environmental stability [14] to the metallo-organic polymer is required. In this context, the ability to isolate and preserve such linear metallo-organic polymers in solution, gels and polymer films constitutes a route to obtain novel functional materials, although it has been little developed so far [20] [21] .
We recently reported [22] on the gelation properties of [Fe(II) (4-octadecyl-1,2,4-triazole) 3 (ClO 4 ) 2 ] in three organic solvents: toluene, cis-and trans-decalin as a way to obtain easily manipulable and malleable materials for technological applications. The gathering of properties associated to the metallo-organic polymer itself and the general properties of gels (swelling, mechanical, responsive properties) was also sought. The results obtained in this study pointed to structural differences and different gelation mechanisms for the metallo-organic polymer in different solvents and suggested the need to deepen in the structural characterization of the metallo-organic polymer in both, the solid state and the gel state and its dependence with temperature.
The aim of this study is twofold; on the one hand, as a continuation of our previous work, the structure of the Fe (II)-based metallo-organic polymer is analysed as a function of temperature in the solid state. Besides, blends of metallo-organic polymer and isotactic polystyrene were prepared as a route to obtain novel functional materials with improved mechanical properties preserving the bulk properties of the metalloorganic polymer. The resulting systems have been subjected to detailed structural studies by DSC and WAXD and SAXS techniques.
EXPERIMENTAL PART

Materials
The metallo-organic polymer [Fe(II) (4-octadecyl-1,2,4-triazole) 3 (ClO 4 ) 2 ] n was obtained by a method reported previously [22] .
Isotactic polystyrene (90%) was purchased from Scientific Polymer Products, Inc. with a molecular weight of 400,000 g/mol. To obtain amorphous samples, pure iPS was melted at 270 ºC for 10 min in a hydraulic press and subsequently quenched to room temperature.
The solvent used for the preparation of solutions was toluene supplied by Merck and used without further purification.
Sample Preparation
Film samples of pure metallo-organic polymer, pure iPS and their blends of different composition were prepared by casting. Homogeneous solutions of both polymers were obtained by mixing the appropriate amounts of polymer and solvent and heating at high temperature until complete dissolution (at 100 ºC for the metallo-organic polymer and at 180 ºC for the iPS). For the blends, homogeneous solutions of each polymer were mixed at 100 ºC and stirred until homogenization. Solutions were poured out into Petri dishes and the solvent was allowed to evaporate in a dessicator at room temperature until constant weight. 
Magnetic measurements
The magnetic susceptibility with temperature measurements were carried out using a Quantum Design MPMS5XL SQUID magnetometer operating at 1000 Oe.
Measurements were corrected from the diamagnetic contribution of the sample holder.
Samples were subjected to cooling and heating cycles between -263 and 60 ºC.
Wide angle X ray diffraction
Wide Angle X ray diffraction (WAXD) experiments were carried out in a Bruker D8
Advance diffractometer equipped with nickel-filtered CuK radiation operated at 40KV
and 40 mA ( =1.54 A). X-ray diffraction data between 1 and 35º 2 , at room temperature, and between 3 and 35º 2 , for measurements with the temperature sample cell, were collected at scanning rate of 0.2 s and increment of 0.024. The profiles were collected using a Gobel mirror equipped with a position-sensitive detector (Vantec 1).
Diffractograms were obtained at different temperatures on heating metallo-organic polymer film samples from 0 ºC to 80 ºC. Then, samples were hold at 80 ºC for 1 min and cooled down to 0 ºC in a subsequent cooling sweep.
iPS/metallo-organic polymer films were subjected to the same thermal protocol followed for DSC experiments: A heating sweep between 0 to 80 ºC, obtaining diffractograms at different temperatures; quench to 0 ºC; hold at 0 ºC for 1 min and a second heating sweep within the same interval of temperature; finally, the sample was quenched again to 0 ºC, hold at 0 ºC for 1 min and a third heating sweep was performed between 0 and 240 ºC, obtaining spectra at different temperatures.
Small angle X ray scattering
Small Angle X ray Scattering (SAXS) experiments were carried out on a Bruker AXS Nanostar small-angle X ray scattering instrument. The instrument uses CuKα radiation RESULTS AND DISCUSSION
Metallo-organic polymer films
In the DSC profile shown in Figure 1 , the metallo organic complex exhibited an endothermic peak at T=51 ºC upon heating. This endothermic peak could be assigned to the spin transition as reported for similar iron (II) complexes [6, 23] . The ΔH of the endotherm was evaluated to 52 J/g in concordance with the enthalpy found for similar systems [23] . Nevertheless, the magnetic characterization of the complex suggests that the main spin-crossover process takes place at lower temperatures.
The magnetic properties of the metallo-organic polymer were measured on cooling and heating over the temperature range of -260 and 60 ºC and the results are depicted in The occurrence of two-step SC transitions has been previously reported for different spin crossover systems and has been accounted for by different theories [24] [25] .
However, these two-step SC transitions usually involve 50 % of Fe (II) ions each. In our case only a small change of the magnetic suspectibility is observed at 52 ºC. This suggests that the structural transition at around 52ºC only provokes a rearrangement of the spatial distribution of spins rather than a spin-crossover transition. Therefore, the genuine spin-crossover transition takes place at lower temperatures, around -60 ºC.
The WAXD diffractogram corresponding to the metallo-organic polymer recorded at room temperature shown in Figure 3 presents four diffraction peaks at 2θ values of 2.7º, 5.4º, 8.1ºand 21.5º. The first three peaks with Bragg spacings in the ratio 1:2:3 arise from the lamellar structure of the metallo-organic complex. From the first Bragg peak (2θ=2.7º) an intersheet spacing of 32 Å can be deduced. Taken into account that the length of the 4-octadecyl-1,2,4-triazole (ODT) is 23 Å, the system can be described as layers of transition metal (II) ions intercalated between two layers of ODT. It is important to note that the aliphatic chains in this structure might be interdigitated since the distance between layers of Fe(II) (d=32 Å) is significantly lower than the distance that would correspond to the aliphatic chains without being overlapped (d=46 Å) [26] .
The broad peak located at 2θ=21.5º that corresponds to a distance d=4.1 Å has been previously attributed to a two dimensional hexagonal alkyl chain lattice [27] [28] .
According to these results, a schematic representation (Figure 4a ) of the metallo-organic polymer can be proposed in which sheets of rodlike backbones of iron (II) ions are separated by interdigitated alkyl chains. This lamellar organization gives rise to a fibrilar morphology that can be observed by AFM (see supplementary material).
In order to monitor the structural organization of the metallo-organic complex with the temperature, temperature WAXD experiments were carried out. Figure 5a shows the WAXD profiles of the metallo-organic complex upon heating. It is important to remark that for these experiments, the design of the temperature cell is such that it prevents the observation of the first Bragg peak at 2θ=2.7º assigned to the intersheet spacing (d=32 A). The behaviour of this peak with temperature will be followed with small angle Xray scattering as reported in the next section. Taking into account this, the first observable peak in the temperature diffraction patterns is the one located at 2θ=5.4º :…) [29] . See Figure 4b for a schematic representation of the hexagonal structure. Therefore, the metallo-organic polymer films consist of a two-population system of lamellar and hexagonal structures with a higher proportion of lamellar structures.
At temperatures above 50 ºC, associated with a change in the magnetic susceptibility of the metallo-organic polymer, the peak at 2θ=5.4º shifts to 2θ=4.7º and the (300) diffraction peak at 2θ=8.1º shifts to 2θ=7.2º. The position of the diffraction peak corresponding to the hexagonal structure at 2θ=6.5º does not shift. On the other hand, the intensity of the diffraction peaks associated to the lamellar structure decreases whereas the intensity of the reflections linked to the hexagonal structure increases at temperatures above 50 ºC.
According to this, the increase of temperature above 50 ºC provokes both, a change in the lamellar structure of the metallo-organic polymer whose intersheet spacing increases from 32 Å to 40 Å and the transformation of part of the lamellar structures to hexagonal structures (see Figure 4) . On the other hand, the position and intensity of the broad peak between 2θ=17.5 º and 21.5º does also vary with temperature: a shoulder can be observed at temperatures below 30 ºC. This is in agreement with a two-population system and indicates that the alkyl hexagonal chain packing is also affected. Therefore, the changes in the magnetic susceptibility found at around 52 ºC (see Figure 2 ) would be associated to the changes of the lamellar structure of the iron (II) chains and not to the breaking up of packing of the alkyl side chains of the triazole ligand.
The diffraction patterns of the metallo-organic complex taken upon cooling to room temperature ( Figure 5b ) demonstrates that the structural transition is reversible as denoted by the fact that the two peaks located at 2θ=4.7 and 7.2º transform into the peak at 2θ=5.4º (200) and the (300) diffraction peak at 2θ=8.1º at temperatures below T=35 ºC. Figure 6 shows the SAXS scattering patterns corresponding to the metallo-organic complex upon heating. At temperatures above 50 ºC, the peak at q=0. [14] . Interestingly, the scattering peak at T=50 ºC presents a broad shoulder at low q-values whereas the scattering peak at T=55 ºC exhibit a shoulder at high q-values. This result might indicate that in this temperature range (T=50-55 0 C) the system is a mixture of low-spacing lamellar structures and high-spacing lamellar structures, plus the corresponding hexagonal structures. It is important to note that the first Bragg reflexion associated to the hexagonal structure (second Bragg reflexion at 6.5º observed by WAXD) that should appear at q=0.26 A -1 cannot be observed as it is out of the experimental limits of the SAXS instrument.
iPS/metallo-organic polymer films
DSC experiments carried out on a 1/99 (g metallo-organic polymer/g iPS) highlight that the presence of iPS does not prevent the structural transition of the metallo-organic complex ( Figure 7 ). However the transition shifts to higher temperatures (at around 60 ºC) with respect to the transition exhibited by the pristine metallo-organic complex and the associated enthalpy is significantly lower, as expected due to dilution effects. After The WAXD diffractograms taken at T=20 ºC and at T= 60 ºC for a mixture in proportion 5/95 (g metallo-organic polymer/g iPS) are shown in Figure 8a . As can be observed, the diffraction peak located at 2θ=5.4º in the diffractogram at T=20 ºC disappears at T=60 ºC, hence, this peak can be assigned to the second order Bragg peak (220), (211), (411) and (321), respectively. These results are in agreement with the DSC thermograms and they indicate on the one hand that the lamellar morphology of the metallo-organic complex does not reform in the presence of iPS and on the other hand that the iPS crystallinity is preserved. At temperatures above 220 ºC, the iPS melting temperature, two broad halos are observed at 2θ≈18.9° that arises from phenyl-phenyl correlations and at 2θ ≈9.5° due to intermolecular correlations of backbone atoms [31] .
The relative crystallinity X c,WAXS , was obtained from the integrated intensity over the observed Bragg reflections (after subtraction of the amorphous background), normalized by the intensity integrated over the full WAXS profile.
Results corresponding to the film compositions (5/95 and 1/99) were compared to the crystallinity of pristine iPS film in Figure 9 . At temperatures below the iPS glass transition (Tg=81 ºC, as determined by DSC) the relative crystallinity does not change with temperature for any of the samples and the presence of the metallo-organic complex induces an increase of the relative crystallinity with respect to pristine iPS. At temperatures above the glass transition temperature (around 81 ºC for the pure iPS and around 90 ºC for the 5/95 sample), the relative crystallinity decreases sharply for pure iPS and 5/95 samples. Afterwards, an increase of the relative crystallinity with temperature is obtained for both samples till the melting temperature at around 220 ºC.
There is no change is the relative crystallinity in the whole temperature range for the sample with a composition 1/99.
The decrease of crystallinity with temperature can be accounted for by the melting of the lowest stability portion of the polystyrene lamella [31] . Then, the melting fraction of polystyrene can recrystallised in a more stable form, giving rise to an increase in the relative crystallinity. Both, the increase in the relative crystallinity in relation to pure iPS and its invariance with temperature for the sample 1/99 suggest the occurrence of a heterogeneous nucleation process induced by the metallo-organic polymer. These results could be interpreted as follows: At low concentration of the metallo-organic polymer, the dilution effect provokes most of the complex being present as individual fibrils that can act as nucleating agents for the crystallisation of iPS. At higher polymer complex concentrations phase separation occurs: 3D crystallites of polymer complex are obtained that cannot nucleate the crystallisation of iPS. As the temperature increases above the structural transition of the complex, individual fibrils could be obtained that might induce the crystallisation of iPS.
In order to study in more detail the influence of temperature on the structure of the metallo-organic complex mixed with iPS, SAXS experiments were carried out on films with different metallo-organic polymer/ iPS contents (1/99; 2/98 and 5/95).
For SAXS conducted on iPS at 30 °C and 80 °C, no discernible SAXS intensity maximum but a monotonously decreasing profile is observed (Figure 10a ). The absence of a scattering maximum is attributed on the one hand, to the negligible electron contrast between the lamellar and amorphous layers and on the other hand to the fact that SAXS measurements are carried out at temperatures below Tg. The results obtained are significantly different when the metallo-organic polymer concentration is further decreased as can be observed in figure 10d for the 1/99 (g metallo-organic polymer/g iPS). At T=30 °C, no peak corresponding to the metalloorganic complex is observed and in addition, a broad peak at q=0.09 A -1 is readily visible which could be attributed to the iPS. The fact that this diffraction peak is shifted towards higher q-values and that the scattering intensity greatly increases with respect to the SAXS patterns exhibited by the films with a higher metallo-organic complex shown in Figures 10b and 10c indicates, on the one hand, that the iPS crystalline size is smaller and, on the other hand, an increase of crystallinity with the addition of the metalloorganic complex. Results suggests that the lower the metallo-organic complex concentration in the iPS, the higher the nucleating effect and this is possibly due to the absence of self-organization of the metallo-organic polymer into 3D structures at these concentrations, and supports the explanation given above for the nucleation process to some extent. Metallo-organic polymer / iPS blend films can be obtained by casting from mixtures of solutions of both polymers in toluene. The presence of iPS in the system does not prevent the metallo-organic polymer from crystallising but shifts the thermal transition associated with a change of the magnetic susceptibility to higher temperatures.
CONCLUSIONS
Nevertheless, the presence of iPS impedes this thermal transition to be reversible as in the case of pristine metallo-organic polymer film.
The effect of the metallo-organic polymer in the crystallisation properties of iPS is more conspicuous: the degree of crystallinity of the iPS increases due to the presence of the metallo-organic polymer. The effect is more pronounced at low metallo-organic polymer concentrations. SAXS experiments also reveal the formation of iPS crystals of smaller size and with long-rage order in the presence of the metallo-organic polymer.
Both results suggest a nucleating effect of the metallo-organic polymer in the crystallisation of iPS. 
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